Considerable controversy regarding the effects of hypoxia on the pulmonary vasculature has arisen over the past few decades. The literature has been extensively reviewed by Fishman (1), and it is now generally accepted that hypoxia is a pulmonary vasoconstrictor. Much of the controversy has centered around the interpretation of a small elevation of pulmonary arterial pressure in the face of an increase in cardiac output related to the hypoxic stimulus. Some investigators calculated a small increase of pulmonary vascular resistance, whereas others could not confirm this observation. Most studies were performed in adult animals, or in adult humans, but more recently attention has been directed to hypoxic responses in the newborn animal, in view of the greater responsiveness of the pulmonary vasculature at this age.
Considerable controversy regarding the effects of hypoxia on the pulmonary vasculature has arisen over the past few decades. The literature has been extensively reviewed by Fishman (1) , and it is now generally accepted that hypoxia is a pulmonary vasoconstrictor. Much of the controversy has centered around the interpretation of a small elevation of pulmonary arterial pressure in the face of an increase in cardiac output related to the hypoxic stimulus. Some investigators calculated a small increase of pulmonary vascular resistance, whereas others could not confirm this observation. Most studies were performed in adult animals, or in adult humans, but more recently attention has been directed to hypoxic responses in the newborn animal, in view of the greater responsiveness of the pulmonary vasculature at this age.
The relationship between the degree of pulmonary vascular response and the level of hypoxia has received only little attention, and usually a constrictor response to a single low oxygen gas inhalation has been reported. Recently Thilenius, Hoffer, Fitzgerald, and Perkins (2) attempted to relate pulmonary vascular resistance change to the level of inspired gas oxygen tension, but no obvious relationship could be demonstrated. Liljestrand (3) in 1958 suggested that the pulmonary vascular response to hypoxia may be related to the production of local Ho ion concentration changes in the lung. More recently Enson and as-sociates (4) described a relationship between the response to hypoxia and the level of H+ ion concentration.
The purpose of the present study was 1 ) to attempt to delineate the effects of varying degrees of hypoxia induced by breathing low oxygen gas mixtures on the pulmonary vasculature of the newborn calf; 2) to study possible interrelationships between pulmonary vascular response, hypoxia, and H+ ion concentration; 3) to assess the mechanism of the hypoxic response; and 4) to study the general hemodynamic effects of hypoxia in the newborn animal.
Methods
Naturally born Holstein calves aged 9 to 36 hours were anesthetized with sodium Pentothal in doses of 15 to 20 ml of a 2.5% solution given intravenously. An endotracheal tube with an inflatable cuff was inserted perorally, and anesthesia was then maintained with a gas mixture containing i to 1% Fluothane and approximately 30% oxygen and 70% nitrous oxide. Spontaneous breathing was first allowed, while an incision was made through skin and muscle down to parietal pleura in the fourth left intercostal space. Positive pressure breathing was then administered with a Harvard respiratory pump by using a tidal volume of 350 to 500 ml and a frequency of 16 to 18 per minute. The expiratory tube from the pump was placed under 2 to 3 cm of water to slightly elevate endexpiratory pressure and so help to maintain expansion of the lungs with the chest open.
The ductus arteriosus was isolated and ligated twice with heavy suture material. An electromagnetic flowmeter probe was placed around the main pulmonary artery after minimal dissection. A polyvinyl tube with several side openings and a sealed tip was placed in the left atrium and the main pulmonary artery by direct puncture into these structures. Another catheter was passed through the internal mammary, artery into the aorta. In two animals a multiple side-hole catheter was passed through a small branch of the middle pulmonary vein into the main pulmonary vein for sampling and pressure recording. The pericardium was closed; the chest was closed in layers, and the flowmeter connections and catheters were exteriorized. Air 6:40  12  155  6:59  12  150  7:10  100  125  7:18  100  100  7:23  100  145  7:32  12  200  7:39  12  190   7:50  12  200  8:05  100  140  8:11  100  125  8:20  100  120  8:26  12  140   125  153  89  27  115  145  88  25  110  130  88  27  115  130  90  27  120  130  100  40  105  120  110  45  115  129  75  25  120  125  90   27  55  65  97  30  95  115  125  45  110  125  83  28   45  60  68  15  60  75  63  20  75  95  68  23  90  110  100  40  105  125  78  20  100  120  80  18  105  125  88  20  105  125  85  25  90  115  90  20  90  115  95  20   90   115   155  70  75  102  150  70  105  125  80  25  100   H15  125   55   70  100   150   60   55   75  98   23   60  80  115  30  65  92  100  25   68  80  48  25  50  60  45  30  60  70   57  30  40   50   47  33  65  80   50   28   110   125  65  33   75  85  98  55  82  95  110  65  65  72  57  33   90  110  60  30  85  88   105   72  85  90  113  80   85  95   87  50  85  95  118  72  85  88  125  80   72  85  72  42  60  72  68  40  52  60  83  58   110  120  45  18  115  125   47  18  120  135  59  23   145  156  85  48  135  130  95  55   120  120  53  27   110  115  40  22   85  90  50  30   125  132  53  25  160 Two groups of experiments were conducted: a) In four calves, aged 6 to 20 hours, the responses of the various hemodynamic parameters were observed when arterial oxygen tension (Po2) was changed acutely from high levels to very low levels at varying levels of blood H ion concentration. The inhaled gas mixtures used were 100% oxygen and 10% oxygen in nitrogen in three calves and 12%o oxygen in one calf. The blood pH was changed by infusion of lactic acid or amine buffer (Tris) into the right atrial catheter. Two types of experimental procedures were performed. The effect of lowering arterial Po2 was examined after blood pH had been changed to varying degrees, and also the effect of changing pH at fixed high and fixed low Po2 was examined (Table I) . b) Various gas mixtures of oxygen in nitrogen were administered, with oxygen concentrations varying from 8 to 100% (8, 9, 10, 12, 15, 21, 37, 50, and 100%). After measurement of pressures and pulmonary arterial flow and sampling of blood for Po2, Pco2, and pH from the aorta, and in some cases pulmonary artery and pulmonary vein, lower percentages of oxygen were administered until a steady level of pulmonary arterial pressure was maintained for several minutes. After successive decreases in oxygen concentration, similar studies were performed as oxygen was increased.
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NO 0% V-Vo 000 V~N 00 Resting pulmonary arterial mean pressures while the calf was respired with high oxygen mixtures and pH was near normal levels ranged between 30 and 42 mm Hg. When pH was lowered there was a significant increase in pulmonary arterial mean pressure to levels of 33 to 80 mm Hg. Both left and right atrial mean pressures decreased significantly when pH was lowered, and in one calf (no. 3) marked reductions of 4 to 5 mm Hg were recorded.
Calculated pulmonary vascular resistance was increased by reduction of pH. Moderate increases were observed when arterial blood pH dropped below 7.3, and a progressive increase was noted as pH dropped further ( Figure 1 ).
Response to hypoxia at variable pH levels. Hypoxia produced minor but inconsistent small decreases in pulmonary blood flow when pH levels were above 7.3 to 7.35. When hypoxia was induced in the presence of acidosis, a consistent decrease in pulmonary blood flow occurred during inhalation of 10% oxygen.
Pulmonary arterial pressure was dramatically increased by hypoxia when pH was below 7.3, whereas only minor changes were noted when pH was above 7.3. Left and right atrial pressures did not change significantly when hypoxia was induced at higher pH levels, but further reductions in mean pressures were noted over and above the already reduced levels when pH was lowered.
Pulmonary vascular resistances were affected either minimally or not at all by changing the oxygen concentration of inspired air when pH was above 7.3. However, below this level dramatic increases of pulmonary vascular resistance occurred when hypoxia was induced. The lower the pH, the greater was the response of pulmonary vascular resistance to hypoxia (Figure 1) .
The responses of pulmonary arterial pressure, pulmonary blood flow, and pulmonary vascular resistance to changes in inspired air oxygen tension were examined at two levels with varying He ion concentrations. With the calf breathing 50 to 100% oxygen, arterial or left atrial Po2 levels of 245 to 600 mm Hg were accomplished. With 10% oxygen inhalation in three calves, Po2 levels of 11 to 32 were constantly achieved, and in one calf breathing 12%o oxygen Po2 levels of 35 to 45 were produced. Pco2 levels in arterial or left atrial blood varied from 14 to 50 mm Hg. The maximal changes in Pco2 were observed soon after lactic acid or buffer infusion. No relationship could, however, be established between the changes in pulmonary blood flow, pulmonary arterial pressure, and pulmonary vascular resistance and variation in Pco2.
2) Responses at different levels of hypoxia (Ta- 
PULMONARY VASCULAR RESPONSE TO HYPOXIA AND ACIDOSIS Aortic pressure. Aortic mean pressures were between 80 and 90 mm Hg during air or oxygen breathing in all except one calf (no. 7) in which a resting level of 125 mm Hg was observed. As oxygen concentration in inspired air was reduced, no significant changes in aortic pressure were observed. Increases or decreases of 5 to 10 mm Hg occurred at random as oxygen concentration was changed, but no consistent pattern was observed.
Pulmonary blood flow. In previous expenments, attempts were made to measure pulmonary blood flow with indicator-dilution techniques by injecting indocyanine green into the right or left atrium or pulmonary artery and sampling from the aorta. It became apparent that this method was not valid due to shunting, and it was necessary to measure pulmonary flow directly by means of a flowmeter on the main pulmonary artery.
Actual levels of total pulmonary blood flow varied considerably but were lower in the younger calves (under 24 hours). During inhalation of air or oxygen, pulmonary blood flows of 1.35 to 2.09 L per minute were observed in the younger calves, and 3.9 to 5.6 L per minute in the older calves (over 24 hours). Reduction of oxygen concentration in inspired air resulted in a consistent decrease of pulmonary blood flow of 10 to 35%o of the flow during air or oxygen inhalation. An interesting change in the pattern of blood flow through the main pulmonary artery was observed. The blood velocity as recorded by the electromagnetic flowmeter showed a smooth rounded contour during ejection while the animal breathed air, but during low oxygen inhalation the ejection was more rapid, and a sharper rise and fall with a higher peak velocity were observed. In spite of an increase in peak velocity, the total area under the velocity curve was decreased, indicating a decrease in stroke volume (Figure 3) .
Indicator dilution curves (Figure 4 ). Ductal shunting was obviated by surgical ligation of the ductus arteriosus. During air or oxygen breathing indicator dilution curves with indocyanine green injected into the pulmonary artery or left atrium with sampling from the aorta revealed a change in slope on the descending portion of the curve with a delayed descent, indicating the presence of a left-to-right shunt. Since no other defects were present (the ductus having been ligated), it was assumed that this shunt was occur- and was absent in the 4-day-old calf. When hypoxia was induced, the atrial left-to-right shunt disappeared. Injection of indicator into the inferior vena cava with sampling in the aorta showed an early appearance of indicator with a small preliminary hump, demonstrating the presence of a small right-to-left shunt, while the animal was ventilated with air or oxygen. This right-to-left shunt was markedly accentuated during inhalation of low oxygen gas mixtures and in some animals appeared to account for as much as half the systemic blood flow. It was presumed that the right-to-left shunt was through the foramen ovale, and this was confirmed in two animals in which sampling from the left atrium when indicator was injected into the inferior vena cava showed the same double hump type of curve.
Blood oxygen tension. Oxygen tensions of aortic and left atrial blood measured simultaneously were essentially similar in all the observations made. During inhalation of 100%o oxygen, arterial Po2 levels reached only 325 to 500 mm Hg, indicating the presence of some right-to-left shunt, either intracardiac or possibly intrapulmonary. There was considerable variation in the levels of arterial Po2 reached during inhalation of various gas mixtures, presumably due to some variation in the degree of ventilation accomplished and to variability of right-to-left shunting. During ventilation with room air, arterial Po2 levels ranged from 50 to 68 mm Hg; with 15%o oxygen, the levels were 36 to 47 mm Hg; with 12%o oxy- (Figure 6 ). The considerably greater response to the pulmonary circulation in the fetal or neonatal animal has been repeatedly described. The small pulmonary vessels of the fetus have thick muscular walls pH with relatively small lumina, and the pulmonary 7.1 arterial pressure is at systemic arterial levels.
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After birth, the vessels rapidly lose this thick mus- 7.3 cular medial layer and assume the characteristics 7.4 of the adult circulation in 2 to 3 weeks (7, 8) .
75 loo This is associated with a rapid decrease of pulg monary arterial pressure toward adult levels, and VASCULAR RESPONSES also a loss of the marked physiologic response of Ls figure, the average the circulation over a similar period (9, 10) . In sistance (PVR) are view of this great reactivity of the pulmonary vas-compared with those produced by pulmonary vasomotion. An increase in viscosity could produce an increase in pulmonary vascular resistance as calculated from arterial pressure, as demonstrated in the Posseuille equation. There was, however, no significant increase in hematocrit during hypoxia, and the likelihood of hypoxemia producing an increased viscosity by other means is small. Greenberg, Kass, and Castle (11) have shown that little change in blood viscosity occurs when normal hemoglobin is reduced. Although pulmonary vasoconstriction in response to inhalation of hypoxic gas mixtures has been unquestionably demonstrated in the adult, the changes in the fetal and neonatal animal are far more striking. Cook and associates (12) and Cassin and associates (13) have stressed the importance of a low Po2 in maintaining pulmonary vasoconstriction in the fetus, and the immediate increase of pulmonary blood flow associated with ventilation of the lungs with gas containing oxygen. James and Rowe (14) demonstrated the marked increase in pulmonary arterial pressure resulting from administration of low oxygen mixtures to the neonatal human infant. Reeves and Leathers (15) have carefully delineated the normal changes in pulmonary arterial pressure and pulmonary vascular resistance with advancing age in the calf; the marked vascular response to hypoxia noted in the postnatal period rapidly decreased as resting pulmonary arterial pressure fell.
Although the greater reactivity of the pulmonary circulation in the newborn animal affords an excellent model to study the responses of the pulmonary vasculature, certain special aspects of the neonatal circulation have to be taken into account. Fetal shunting mechanisms may still be operative, thus making the measurement of pulmonary blood flow by either Fick or indicator dilution techniques most unreliable. During the first 24 hours after birth the ductus arteriosus may still be functionally patent, thus allowing left-to,-right or rightto-left shunting, depending on the relationship between systemic and pulmonary vascular resistances. The absence of any ductal shunt during inhalation of room air does not preclude the possibility that the ductus may reopen with hypoxemia (16), thus introducing difficulties of interpretation of indicator curves and oxygen saturation data. The foramen ovate also does not provide a complete and competent separation of the left and right atria after birth. A small left-to-right shunt can be demonstrated very frequently both in the calf ( Figure 4 ) and in the human infant. When pulmonary vascular resistance is elevated, as when right ventricular outflow obstruction occurs, a marked right-to-left shunt may occur through the foramen ovale. These considerations have been neglected in many studies relating to measurement of pulmonary vascular resistance and to shunting mechanisms in the newborn infant and experimental animals (15) (16) (17) (18) .
The difficulties in measurement of pulmonary blood flow and pulmonary vascular resistance imposed by these mechanisms were overcome in our preparation. Ligation of the ductus arteriosus prevented any shunting into or away from the pulmonary artery, thus assuring the accuracy of the electromagnetic flow probe around the main pulmonary artery in measuring pulmonary blood flow. Shunting through the foramen ovale also did not interfere with the measurement of pulmonary blood flow by the method applied.
The increase in pulmonary vascular resistance with acidosis at normal or high levels of arterial Po2 confirms the observations of a number of previous studies. In our studies no attempt was made to distinguish between the effects of increase of Pco2 or decrease of pH by fixed acid infusion. Bergofsky, Lehr, and Fishman (19) PULMONARY VASCULAR RESPONSE TO HYPOXIA AND ACIDOSIS saturation have not shown any consistent relationship (2, 20, 21) . A rise of pulmonary vascular resistance has usually been observed in patients with chronic pulmonary disease when arterial oxygen saturation falls to 80 to 85% representing aPo2of46to50mmHg (1) .
However, Reeves and Leathers (15) have shown a progressive increase in pulmonary arterial pressure with decreasing concentration in inhaled gases in unanesthetized newborn calves, and Cassin and co-workers (13) established a linear relationship between the conductance of the pulmonary circulation and the Po2 of blood perfusing the lung. These latter studies were performed in the fetal lamb and show very wide scatter.
The results of our studies in calves have demonstrated a very definite pattern of pulmonary vascular response to hypoxia. Pulmonary arterial pressure and pulmonary vascular resistance showed only a slight increase as systemic arterial Po2 dropped to 50 to 60 mm Hg. More significant increases occurred when Po2 fell to 40 to 45 mm Hg, and below this level there was a very steep rise of pulmonary arterial pressure and pulmonary vascular resistance, indicating an exquisite sensitivity of the pulmonary vessels to Po2 changes in the range below 35 to 40 mm Hg. It was not possible to maintain Po2 levels of 18 to 20 mm Hg at low levels of pH for more than a few minutes because of the effect on the myocardium with resulting circulatory depression (22) . However, it appeared that the pulmonary vascular response was maximal at Po2 levels of 18 to 20 mm Hg, and no further increase occurred below this level.
The possibility that pulmonary arterial Po2 determines the response of the pulmonary vessels has been considered. Our studies did not separate the relative roles of pulmonary venous and pulmonary arterial Po2 in pulmonary vascular response, since pulmonary arterial Po2 also decreased when oxygen concentration in inhaled air was reduced.
Enson and associates (4) reported a definite relationship between pulmonary vascular resistance and the levels of Po2 and pH in a group of patients with chronic pulmonary disease. There was, however, wide scatter of the data and only little information relating to repeated studies in the same individual. The interrelationship between pulmonary arterial pressure and pulmonary vascular resistance and Po2 and pH has been strikingly demonstrated in our studies. The mechanism of the enhanced pulmonary vasoconstrictor response to hypoxia in the presence of acidosis has not been elucidated.
Although it is possible that the presence of aci- Figure 7 . This extreme response of the pulmonary vasculature to small changes of Po2 in the range 15 to 30 mm Hg at decreased pH may have an important role in the fetal circulation. Blood perfusing the lungs in the fetus has a Po2 in this range, and this could provide a sensitive mechanism for distribution of blood flow in the fetus. An increase in pulmonary vascular resistance would divert blood away from the lungs and through the ductus arteriosus into the descending aorta and thus to the placenta. This mechanism could thereby result in an increase in blood flow to the placenta where gas exchange occurs, providing a means of adapting to stress situations interfering with oxygenation of the fetus.
In the neonatal period, the development of acidosis and hypoxia from any cause may produce pulmonary vasoconstriction, which may have sen-ous consequences. An increase in pulmonary vascular resistance in the immediate neonatal period would-reestablish a fetal pattern of circulation with right-to-left shunting through the ductus arteriosus and foramen ovale. Pulmonary blood flow would, be reduced, and whereas this is of no consequence in the fetus where oxygenation is carried out in the placenta, it would result in a vicious cycle of events in the newborn animal or infant. Acidosis and hypoxia would increase pulmonary vascular resistance and decrease pulmonary blood flow, thus further reducing oxygenation and interfering with the respiratory compensating mechanism to correct acidosis by CO2 elimination. This, combined with right-to-left shunting, would produce greater hypoxia and combined metabolic and respiratory acidosis, with more severe pulmonary vasoconstriction.
This sequence of events may be important in the respiratory distress syndrome of the newborn infant (hyaline membrane disease). Suggestive evidence for a decreased pulmonary blood flow has been presented by Chu and co-workers (23) .
The pulmonary vasoconstrictor response to acidosis and hypoxia may also be important in the postoperative period in infancy, particularly after thoracic procedures. Acidosis develops quite readily in infants, and if ventilation is decreased and hypoxia superimposed, pulmonary vasoconstriction may result. In the absence of shunting mechanisms, total cardiac output may be decreased if the right ventricle is not capable of maintaining an adequate output. If the foramen ovale is still patent, right-to-left shunting could result.
The necessity of the presence of acidosis for a significant hypoxic vasoconstrictor response provides a relatively simple means of avoiding this mechanism. Rapid correction of acidosis by means of bicarbonate or amine buffer infusion can rapidly reverse the general hemodynamic effects resulting from pulmonary vasoconstriction. This mechanism of pulmonary vascular response to hypoxia and acidosis was not conclusively established in this study. However, the fact that vagosympathectomy did not in any way alter the response in two animals studied suggests that it is not mediated through a central reflex pathway and that it is most likely a local reaction of the vessels. This is supported by Bergofsky and Weinberg (24) 
